Two sequences (ARS18 and ARS68) displaying autonomous replication activity were previously cloned in the yeast Yarrowia lipolytica. (4, 5) . The copy number ofARS plasmids in Y. lipolytica has been reported to be about 3 per plasmid-containing cell, which is also very different from the 50-100 copies for S. cerevisiae ARS plasmids (6) but closer to the 1-2 copies per cell described for centromeric plasmids (3).
Yarrowia lipolytica sequences capable of supporting extrachromosomal autonomous replication have been described (1) . Plasmids containing ARS18 or ARS68 transform at high frequency and are mitotically more stable than ARS plasmids in Saccharomyces cerevisiae (2) : loss per generation varies between 1% and 4% on nonselective medium. This value is closer to the 1-3% observed in S. cerevisiae for artificial minichromosomes containing cloned centromeres (3) than to the 5-50% found for ARS plasmids (4, 5) .
The copy number ofARS plasmids in Y. lipolytica has been reported to be about 3 per plasmid-containing cell, which is also very different from the 50-100 copies for S. cerevisiae ARS plasmids (6) but closer to the 1-2 copies per cell described for centromeric plasmids (3) .
We wondered whether ARS18 and ARS68 are ARS sequences associated with Y. lipolytica centromeres or with some kind of stabilizing sequence like that described for Schizosaccharomyces pombe (7) . The structure of S. cerevisiae centromeres has been extensively investigated (8) : they contain two conserved sequences (CDEI and CDEIII) separated by an A+T-rich region (CDEII), and a functional centromere is contained within a 125-bp sequence (9) . In contrast, the three centromeres of the fission yeast Sch. pombe cover very large regions (35, 55 , and 110 kb) displaying a complex pattern of repetitive DNA sequences (10, 11) . Thus the two types of centromeres from Sch. pombe and S. cerevisiae are very different (12) . The Sch. pombe centromeres have an organization similar to those of higher eukaryotes, and the S. cerevisiae centromeres could be more representative of those from other yeasts, such as Kluyver-
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. omyces marxianus var. lactis (hereafter, K. lactis). Indeed DNA fragments probably corresponding to K. lactis centromeres (13) are very similar in sequence to the S. cerevisiae centromeres, except for a larger CDEII region (14) . However, they are not recognized as centromeres in S. cerevisiae. Fig. 2 ) into the BamHI site of the pBluescript vector (Stratagene) in both orientations. Both plasmids were sequentially digested with Kpn I and HindIII and then treated with exonuclease III by using the Erase-a-Base kit (Promega). The DNA was religated, giving a series of plasmids with various deletions of the ARS68 region. Several ARS18 restriction fragments were cloned in pBluescript. Dideoxy chain-termination sequencing (15) was done with modified T7 polymerase (Sequenase, United States Biochemical) on double-stranded plasmids (16) .
Y. lipolytica was transformed by lithium acetate treatment as described (17) and by electroporation (18) using a Jouan electroporator (Winchester, VA) at 2.2 kV/cm for 15 msec. Strain crosses, random spore analysis, and tetrad dissection were performed by published procedures (19) (20) (21) . Mitotic stability of transformants was assessed as follows (1): 5-10 transformants obtained with a given plasmid were grown on nonselective medium for about 15 generations, and 20 subclones of each culture were then checked for the loss of the plasmid-associated marker. Stable transformants showed no segregation, whereas several plasmid free clones segregated from unstable transformants. This test allowed detection of plasmid loss per generation higher than 0.7%. Plasmids were extracted from yeast transformants as from S. cerevisiae (22) . Other molecular biology methods were performed by standard procedures (23 tica LEU2marker
In the case ofARS68, the 6.6-kb insert in pINA123 (Fig. 2 (24) , and in accordance with the A+T-richness of several ARS sequences in S. cerevisiae (2) .
Transformation
Comparison of the sequences revealed two distinct regions at the right-hand end of each ARS in opposite orientations 100 S and near a 75% A+T stretch of differing length in the two 10 ND ARS sequences (120 bp in ARS18 and 180 bp in ARS68). In S. cerevisiae ARS plasmids with CEN sequences mostly display 2+ :2-segregation. After replication, sister plasmids primarily migrate to the same pole during meiosis I, which results in mostly parental and nonparental segregation with respect to centromere markers (28) . ARS plasmids without CEN sequences are randomly assorted during meiosis (29), 1+:3-and 0+:4-segregation is often found, and for 2+:2-segregation the PD:NPD:T ratio should be 1:1:4. To examine the meiotic behavior of ARS plasmids in Y. lipolytica, we transformed E122 with the ARS18-URA3 plasmid pINA311 and crossed it with strain 22301-3 in which LEU2 has been inserted near the ARS68 chromosomal locus to create a centromere-linked marker (see above). The diploid was sporulated, either on undefined V8 medium (19) or on minimal citrate sporulation medium (20) without uracil. Spore viability was 76%. As expected for a CEN sequence, 2+ :2-segregation predominated over 1+:3-and 3+:1-segregation (Table 1) , although there was a significant percentage of 0+:4-segregants. All the tetrads where URA3 segregated 2+ :2-were parental or nonparental (7 PD and 7 NPD) with respect to the CEN-linked LEU2 marker. We conclude that ARS18 displays meiotic functions expected for CEN sequences.
Integration ofARS Sequences. We tried to force integration of the ARS18 putative centromere into the genome in order to create dicentric chromosomes, which should be unstable. Three ARS18-containing plasmids-pINA119, pINA232, and pINA176 (Figs. 1 and 4)-were targeted to integrate at either the ARS or the LEU2 locus (Fig. 4 Lower). With pINA232 linearized at the BamHI site within ARS18, the transformation frequency was as high as with uncut plasmid (data not shown) and about half of the transformants were unstable. This suggests that, as in S. cerevisiae (30) , plasmid religation is very efficient in Y. lipolytica. The stable clones were analyzed by Southern hybridization with an ARS18 probe to distinguish between gene conversion and plasmid integration events. Integrants were then analyzed by pulsed-field gel electrophoresis. Their karyotypes were identical to that of the recipient strain (Fig. SA, lanes 4 and 6) . The integrated plasmid was 11 kb; thus it seems that the chromosome may contain two ARS18 sequences within 11 kb of each other without any obvious effect.
We integrated the ARS18 sequence of pINA176 and pINA119 at the LEU2 locus, after linearization within the LEU2 gene. The transformation frequency was lower than with pINA232, and the percentage of stable clones was also lower (5% and 19% instead of 40%). Southern blot analysis showed that two of the four cases analyzed corresponded to (32) 3 (8) 12 (32) 3 (8) 8 (21) 12:0 (Total) 17 (29) 3 (5) 14 (24) 3 (5) 21 (36) 14:0 Tetrads were dissected from a diploid containing URA3 on a replicative plasmid and LEU2 integrated near ARS68. PD, parental ditype; NPD, nonparental ditype; T, tetratype. Percentages are in parentheses. (Fig. 5B, lane 6) corresponded to a chromosome of 4.5 Mb that was not present in the pINA176 transformant (lane 5). The LEU2 signal was found on a new chromosome band of 0.8 Mb, which also hybridized to ARS18 (Fig. 5C) . A band of 3.7 Mb was also visible (Fig. SA,  lane 5) , which corresponded to the other part of the broken chromosome. Similar chromosomal breakage was observed in the transformant obtained with pINA119 (data not shown).
The stability of the new small chromosome was investigated by crossing the transformant with the leu2 strain 21805-9. The resulting diploid was cultivated for 50 generations in liquid YPD medium and the percentage of Leucolonies was scored. The frequency of loss per generation of the LEU2-containing chromosome was 490 times higher in this strain than in a control diploid (3.8 x 10-3 vs. 7.8 x 10-6). Either the cloned ARS18 centromere lacks some elements needed for correct chromosome segregation in mitosis, or smaller chromosomes are poorly propagated in this yeast.
Integration experiments with ARS68 also resulted in chromosome breakage when ARS68 was integrated at the LEU2 locus. ARS68 and ARS18 hybridized to different chromosomes, as would be expected for different centromeres (data not shown).
Fine Dissection of ARS18. The previous experiments suggested the presence of a functional centromere (CEN) in each ARS18 and ARS68 sequence. We investigated whether or not the ARS and CEN functions of ARS18 could be separated. We used some of the deletions shown at the bottom of Fig.  3 , and the strategy of forced integration described in the preceding section: Xho I digestion in the LEU2 gene, transformation, screening for stable clones, Southern hybridization to show that they were integrants and not the result of LEU2 gene conversion, and analysis of their chromosomes on pulsed-field gels. We expected that deletions retaining an entire CEN should transform at a lower frequency due to the generation of dicentrics, which upon breakage should result in lethal transformation events. Indeed, linearized pINA384 and pINA382 yielded 50-100 transformants per ,ug, whereas pINA173 and pINA385 yielded 500-2000 transformants per ,ug. The chromosome separations showed that integrants obtained with pINA173 (Fig. 5A , lane 1) and pINA385 ( (Fig. 5 B and D) . Hybridization with ARS18 ( Fig. 5C ) showed that this sequence was present on the 2.5-Mb band, as in the recipient strain, and also on the 1.3-Mb broken chromosome. These results are similar to those obtained when the entire ARS18 sequence was used (Fig. SA,  lane 5) . The CEN function was therefore contained in the 410-bp sequence in pINA382. Because plasmids pINA292 and pINA175 (Fig. 1) containing this 410-bp sequence and a 283-bp BamHI-BstBI sequence are replicative, the replication origin is probably located in the BamHI-BstBI fragment. Plasmid pINA725 (Fig. 1) , which contains these two fragments separated by pBR322 sequence, transformed at high frequency.
The CEN plasmid pINA384 was used to clone ARS sequences from the genome. If association ofany chromosomal ARS with this CEN generated a replicative plasmid and if ARS sequences were randomly distributed on the genome every 20-40 kb, then about 1 in every 10 clones in a bank with inserts of about 4 kb should contain an ARS. We constructed such a bank, and it transformed Y. lipolytica 10 times more efficiently than an integrative pBR322-LEU2 plasmid. Eighty-seven percent of the yeast transformants were unstable and were shown to contain autonomously replicating plasmids. The presence of CEN on the vector, therefore, 
DISCUSSION
We have shown that ARS18 and ARS68 contain Y. lipolytica centromeres. Integration of marker genes near ARS18 or ARS68 led to centromere linkage on different chromosomes. The absence of tetratypes in 38 tetrads indicates that ARS18 and ARS68 are less than 1.3 centimorgans from the centromeres. The ARS18 sequence on a plasmid provided centromere-like meiotic functions. Nonrandom assortment of the plasmids was shown by the excess of the 2+:2-segregation ratio over the 3 + :1 -and 1 + :3 -ratios and, more clearly, by maintenance of sister chromatid attachment during meiosis I, as evidenced by the lack of tetratypes with respect to the centromere-linked marker. Dicentric chromosomes have been reported to be very unstable in S. cerevisiae, giving rise to breakage, telomere healing, centromere deletion, or chromosome loss (31) (32) (33) . When a plasmid containing the whole ARSI$ sequence was integrated at the ARS18 locus in Y. lipolytica, the two copies of ARS18 were 11 kb apart; the construct was nevertheless stable, suggesting that the two copies could not be recognized as two separate centromeres. But when ARS68 or ARS18 was integrated at the LEU2 locus, chromosome breakage was observed, showing that the cloned sequences contained a functional centromere.
ARS18 contains two separate domains. One harbors the replication function. It is probably included in the left, 283-bp BamHI-BstBI fragment (Figs. 1 and 3 ). This is slightly larger than in S. cerevisiae, where about 100 bp are sufficient for replication function (34, 35) . The second domain corresponds to the CEN function and is carried on the 410-bp EcoRVSau3Al fragment (Figs. 1 and 3 ) in pINA382. Interestingly, these two domains correspond to the two regions showing sequence similarities with ARS68 (Fig. 3, sequences 1 and 2) . Therefore, we expect that ARS68 also consists of two functional domains and that the regions of similarity indeed correspond to a biological consensus.
The size of the Y. lipolytica CEN is similar to that of S. cerevisiae but its structure is different. Further, the instability of the Y. lipolytica CEN in S. cerevisiae suggests that it is not recognized as a centromere.
Colocalization of ARS and CEN has been found in S.
cerevisiae in the case of CEN3, but this ARS has been shown not to be functional in vivo (36 lipolytica centromeres and thereby better define their consensus structure. The identification of a consensus will be of great interest, as no sequence similarity was found with centromeric DNA from either S. cerevisiae or Sch. pombe.
